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A methad of analysis far the surface motion field hasad on a mix

of obsarvations tram resaarch ships, morchant ships and low cload motion
wotors tram qeostationary satellites 18 proposad in this paper.  'The
proposad sclhene poamits a turning of wind with heialit botween the cloawd

wind level and the surface.  This tarning is imcoorparatad via a suocessive

vorroctian provedure which enables us to fully utilize the lowclond winds,
The methad does ot depaged one the selection of a lovel of best it tor the
cloud winds and thus 1s ot dependent on o pradetomind thaory, e
andlysis of the surtace wind ticld is carricd aat tar the 100 days of the
GARE Atlantic Tropical Expoeriment (GATE) for two absarvation periads per
day (005, 122) over a wide domailn.

This paper 1lustrates 1) time averagad qoametiy of the motion tield
during G, and i) time averadad tields of the sonal and the meri-
dional stresses as well of the curl of the wind stress, Pioally, we
oxamuine the spectral analysis of the notion tield and the stresses over
the trade wind belts of the sumer and wintor hauisphere. our study om
phasizes the importae of two mades of oscillation, one aounsd 3 oto o
Jdays and the othor around 10 to 1h days. While the tommer is ddentitfiad
with African waves, the scale and spead of propagation of the lattev is
detominad  trom x=t diagrams and is ddentificd as a wostwand poogaaat im
wave, whose scale is of the ander ot ao” lomyitude and spead ot poopa-
gation is arount longitude/day.  This study anphasizes the possitite

usetulness of this approach durisg the GARE Glatal xperiment when a

global coverage fram geostationary satellites is expevctad,

e e e aia o .



1. Introductaion

In this paper we propose a mew methad for describing the surtace
notion field over the ocams fram a mix of absarving systaws such as:
resaearch ships, merchant ships amd clowd winds from qeostationry satel-
lites.  The purpose of this exercise is to define the values of surface
stresses over cortain space and time scales for investications of ady -
st interactions.  The perioad of the GARP Atlantic Tropical BExperimment
(GATE) provides us with a unique data set to carry out these anvestiga-
tions 1in samewhait greater detail than has boen possible proviously,

The definition of a surtace motion tield over the G ocoans
is of cunsiderable interest to ocoancgraphers.  Probloms such as
equatorial occanography, the Guinar caast upwelling and the qult ot
Mexico water circulations can be examinad with the composite G @ -
tace meteorolagical data sots.

The present. study focuses on an analysis tochnique that enables
us to bring the cloud winds (low clowd notion vectars) to the soa level
with an allowance for the tuning of the wind with heicht.  This tuwning
of wini with height is detarminad here without relying on any specifac
theory of the planetary boundary layer. The procodure  relics onan ap-
dating of the wind shear between the clond wind Tevel and the surtace
lovel via a successive carrection of an objoctive analysis it the two
levels with the available data sets.

In Section 2 of this paper, w shall present a list ot data
sources available far this study. Section 3 provides details on the proposed
analysis method. In Section 4 we show satple GATE moan maps as well as sagle

amlyses for individual days.The nean ficlds ot the savtace stresses and the




curl of the surtace wind stress are illustratad in Soction &, and the
salient time variability of the relevant parameters are presented in

Section 6.
2. Dhata soarces

Fig. (1) illustrates the confiquration of GATE ships during one phase
ot the Pxperiment. There wore roughly 30 rescarch ships that providal sur-
face metearvlogical observations during the three phases of GATE (1touahly
8 weeks per phase). 'This data set was preparad by the Symoptic Sale sub-
program Mata Center at Bracknell.  In this study we have usad the 000 and
127 data sets trom roughly 25 ships during the three phases.

The mirine data collection fram merchant ships canes frum two
sources: 1) The Global Tulecommunication Sexrvice tapes, and 1i) the Marine
data tapes foum the Weathar Service of the Faderal Republic of Gamany. The
latter was special collection far GATE. Roughly 1400 ship obsarvations por
24 hour day were available during the 100 days of GATE fram those sources.
Far one maptime (e.q., 002 + 6 hours) a typical distribution of this data
set is illustrated in Fig. 2. The quality of this data requires a strimaent
sareening, wiuch is carriad out in the analysis phase desaribal in the next
section.

The clowd motion vectors described in the present study wore ool -
lectad (as well as processad) by Krishnamurti et al (19764) . This data set
includes cloud winds tram two geostationary satellites, ATS I11 and S8 1.
During a 24 hour periad rouwghly 1400 low claad motion vectors wore col-
lectad tor the 100 days. Fig. (3) (from an vnpublished study ot Fuijita)
illustrates a possible maxamm data coverage aver the Atlantic occan fram

a goostatiomry satelitte,
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Anong these data sets the accuracy ot the GATL ship data 1s thouaht
to e ot the onder of 2 mps for spoead and 10" for direction. The cotres-
ponding fiqures for the cloul winds appliad to 850 mbs is of the onder of
4 mps and 207 respoctively, ghbert , 1975 ). 1t is ot possihle to assess
the quality ot the merchant ships in a similar maner.  However, it is our
contention that it this voluinous data 1s subjectad to a saTeening via
climination of those obsorvations whose standard deviation with respect to
A local mean exceads the same limits as the accuracy ot the clowd winds,

thaon the retainad data set boames extranely valuable,

b

3. Methad of Analysis

3.1 The Background

The basic approach for data analysis of the wind velocity angponent s
(u and v) 1s a sucvessive aarrection methad proposad by Cressman (1959)
This methad 1s quite suitable tfar haniling such fields 1 there is an ade-
quate covaerage and it the data tfram a divarse set of platfoms 1s alaquately
hanilad.,  For low latitude analysis of the abaove fields it is telt that a
manmachine mix (1., insertion of bogus data) is usetul in ander to in-
traduce contimuty in sparse data areas: roaaghly o such data insertions poer
miptime within a total ot 300 to 400 observations per day wore made. This
aounts to rowghly 2% of such boqus data tor the 100 days of GATH. Raahly
o boqus data per day was intraducad in soutdwestorn Pacitic aocoan (100‘\\1,
10s) auatorial rnegion pear 40°N, Noeth African desart ngions (S‘\‘,?OON) anli
South Central Atlantic ccean near 15N and 1298, we foel that this exercise
has been extroamely usetul in providing us with very useful tields of surface
parancters. In the absomee of such bogus data, thore is a tendoney tfor the

notion {ield to exhibit fictitious asymptotes of convenence ar shoar lines
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in the intertacial region betwoen data rich areas and those definad via
the first quess field.

The details of the abjective amlysis schame, used here, is dis-
cussad in Tripoli and Krishnamurti (1975) and hence it will not be re-
viewd in detail here. The damain of analysis extends fram 2078 to 349N
and 100°N to 14%E. we use a 2° atitude by pa longitulde grid in our
analysis. The moan scparation distance betwoen observations, D.is of the
ander of 350 km. The influoence radius, R, 1s decreasad in suocessive
aorrection scans starting fram b to 2D in the {inal scan.

The objective amalysis schame has a data rejection cyvle which
war ks as follows: We allow four successive scans in the amalysis. Darim
each scan, )) , the error is given by the relation

V

v v
£ = U, - ujs \”v

v . : : :
where g denotes a wind conponent at an cbeervation site, while “35 denote

the intarpolatad value at that point. 1he suwecessive scans, as shown in
Tripoli and Krishnanurti (1975), reduce the magnitude of ES» . Mata re-
jection critoria are bhasad on the magnitudes ot £ ,” tar wach scan, Y
danal, 1964). 1In this study we define these limdts = 12, 10, 8, ad 6 ngws
for the suwccessive scans.  Roth canponents of the wind (0 and v) wre in-
dependently handlad with the same rejection criteria. A prescreening of
the data sets inclhudes a limdt on the mximm surface winds and procadare
for the ranwal of duplicate data.

The maximum surface wind on aar resolution is 30 mps, Ary wind
graater than that value is rejected by the amalysis technique. A data set
progran raoves all duplicate data in the first scan. The first quess field

far the wind amalysis for the first day (i.0., June 1o, 1974 007) is preparad




on the basis of subjective amalysis of the sanw data. Thereafter persis-
toence 1s usad to define a first quess field., It should be stataed that
since the final data set includes around 400 obsearvations, the first
quess 1s not very critical for the fimal analysis.

The first step in this exercise is to apply the above methad and
perform an objective analysis at the surface and the 850 mb level. This

surface analysis utilizes surface marine, GATE and the World waather Watch

Surface Network data within the damain. No cloud winds enter the surface analysis

at this stage. This procedure is cariad out for evary 12 howrs for the
100 days of GATE. Except far the first maptime all the ramalnimg analysis
utilize 'porsistence’ (i.e., 12 hour earlicr field) as a first quess field
in the abjective analysis. Because of the large amounts of observations

per maptime, (000 or 122) + 6 hours, the tirst quess is not rotainad

over nost regions.

The 850 mb level analysis utilizes all available types of obsarva-
tions:  Radiosonde/rawinsonde, pilot halloon, research aircratt low roso-
lution data and low clowd motion vectars. The methad of analysis of thas
data set is described in Tripoli and Krishnamurti (1975).  The motion field
was analyzed tor 002 and 122 for the 200 maptames.

The next step in this exercise is to detamine a moan twning amgle
of the wind basad on the above stated first quess fields: low cloud motion
vectors are generally used in the amalysis of the cload base lewvel charts,
i.e. roghly 1 km above the sea level. Since a sizeahle turnim of wimd
with height ( &= 20) occurs in this depth (Runmer ot al, 1973; Helland and
Rasmussen, 1973; Charnok ot al., 1956) it seems inappaviwiate to use the

cloud winds directly at the surface level. 1here is no sinple anilytical




—-6-

methad for acoounting for the turning of the wind with height.  wWe have
arrived at an ampirical methad far incarparating the cloud wind data to
the surface level by a method of successive carrections that takes into
account the mean turming of the winds with height in 12 sulreqgions

(callad sections here) over the oceanic regions.

3.2 Moan Turning Angle Within a Sectar

within one of these sections, at  grid point 5] » the surface
and the cloud level wind directions may respectively be written as:
the symbols are explained in Table 1).
-l
Dsij = ﬁ“ (V"J/a‘hJ) (__')
- - .. .
/M {VC&_//“(&J) N %)

and

.Dcij

1"

The turning angle may be written as: Sij - -D.s-'i - Dc&j e )

-

The mean turnming angle is cbtained by suming ¢ j over all the grid
points within the subdomain,

g ) {r ~1 V"%IS(J' — " V“V(u}//y o)

where N denotes the mlmm‘ of points within the subdamain.  The spead of the

swtace and the cloud level winds at point ¢y 1is given by the respective

“elations: 1 x
Ss.'j = /J Usy + VS&J ()

. 2 i
SC‘J = \[ac.'j’ + Ve (M
The mean wind speed far the subdamain far the swrface and the cloud levels

respectively is next obtained by a sumation of the speeds,

Ss = Z-i 9;.‘J /N

G

3‘:- = z 4:{— Scii /M. @)
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The individual clouwd wind observations ( S; + De ) within the subdamain
are next relocated at the surface level via the relations:

Ucs Se [Cos (De + §)} 5 /5 (10)
Vos = S‘c {50‘4 (-Dc +§)} S‘S/-S—‘:. (11)

The afarementioned analysis is not constrained to a precise knowledge of

\

the height of the cloud wirds. The analysis is imdependent of this height.
Although we assigned the cloud winds to the 850 mbs, the final results
over oceans would have been the same if we had assigned a different

height to the low cloud motion vectors provided the upper level is analyzed
using only the cloud wind observations. The emperical approach proposed
here is not constrained by any boundary layer theory and as such is not
limited to a barotropic or a baroclinic theory in the near equatorial lat-
itudes. The following analysis shows the validity of the proposed method
if the bourdary layer were barotropic:

We start with a logaritlmic profile for the variation of wind with

Ua/a* = ,/k én Za/Zo (12)

where k is the Von Karman constant and Z; is surface roughness.

height:

Following Wyngaard (1975) we introduce

Za = -CL (13)
where L is the Monin Obukhoff length and C is the constant. Thus we obtain

Yoo = J tn Yoo+ fe I C (14)

We amit the second term, which is negligible, and thus obtain

k ajo/a* = Jn (-L/Zo) R (15)




e —

smlarly we obtain
/
— A l/ao/ , /(’/1*//_ %. o)

whore the height of the planetary boundary layer . may be aquatad to the

cloud hase level for convenience.

Next we detine,

lan o |/5'0/41(70 h

where d o 18 the angle between the surface wind (along the x axis) and the

pressure gradient farce (l.e., the cloud wind direction far a haurotropac
boundary laver).

Substituting for ‘{70 and [[ao we obtairn,

PP

henee ﬂ”{ ) L/"”’j
-k [U"/fﬁ)

]

Ao = T
bn (“/70)
Mus oy o f(Zo,L) W fuctionof Zo anil), aw ‘k}%

may be assumad to be a constant 2 -0.1.

1f 90 is the anile between the pressure gradient {(i.e., the
cloud wind) and the east, then we may write:

Ao +60 = F(2ZL) + 60
This expression 1s cansistent with aar ampirical oxpression presentad above.
Thus, at least for a harotropic bounlary layer our anpirical method far the
turning of the cloud wind with height can be ratiomalired. Since the sul>-
damains of the analysis are fairly small, we believe that our analysis is

also valid for haroclinic situations.




3.3 Steps an the Analysils Procadure

1) Amalyze surface streaulines and isotachs using only GATLH and
merchant ships data sets.

11) Fimalize the 850 mb analysis of the motion field using a mix
of obsarvations frum radiosonde/rawinsondes, pilot balloons and low cloud
metion vectors (Tripoll and Krishnamurti, 19795).

111) Detammdne the sector maan turning angle and the mean wind shear.

iv) Relocate low cloud motion vectors at the surface level and
modify thelr speads and directions by the taming amngle and spead ratios
determined 1n step 1ii).

V) Roanalyze the surface charts using nodifiad cloud winds, World
Weather Watch surface data, GATE and merchant ship data.  Use the provious
surface analysis to provide a first quess field.

Vi) Repaat steps 111), iv) and v) until surface analysis oconverges,
1.0, the speads and directions of the two successive scans of step V) at a
arid point do not alter by more than 2 mps and °© respectively for

SUCOESSIve scans.,

3.4 on the Validity of the Analysis Schame

Three types of tests were carriad aut to investigate the validity of
the proposad amilysis of the motian field over the oceans.

1) Canparison with an independent amalysis of the phase mean motion

field: Our time averaged motion field for phase III of GATE (127 data
only) was intercanpared with a correspondling subjective analysis (Dean and

Smith , 1977), Based on GATE ships plus a smaller collection of the marine

data, the two analysts illustratedin Figures 4a and 4L are in essential
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agreement within the regions 595 to  15°N and 40%W to  15%W. The
direction and locations of the morth-east and the south-east trade
winds, the West African monsoons, the flow separation point near 9©N,

34%, and the asymptote of convergence are in close agreement. The speed

field over certain areas such as 20°W and N exhibit differences and we feel

that this discrepancy is largely due to a total lack of observations in
the analysis of Dean and Smith (1977). It should be noted that our
analysis utilizes more observations fram the diverse observing system over

the damain. In regions where canparable observations of high quality
are available such as over the GATE A/B scale ship array, the two analyses
show close agreement in both wind direction and speed.

ii) Comparisons of sample daily surface motion field fram the Dean
and Smith (1977) subjective analysis and our objective analysis show
same minor discrepancies. The differences are again related to the
disparity in the number of observations over the large data void regions
in the analysis of Dean ard Smith (1977). The two analyseS tend to be in

close agreement over the regions of the A/B scale ship network. Fig. (4c )

illustrates a typical surface chart for a single day. The analysis
illustrates a disturbance on the 6th of September, 1974 (00Z) over the
GATE A/B scale, as well as hurricane Carmen in the southern Gulf of Mexi-
co. The details of these flow fieldsshow a very reascnable interdiurnal
time continuity.

iii) An intercamparison of observed surface ship data with an inter-
polation of our analysis to these locations showsthat our winds are an
underestimatedby about 10% (e.g. 4 mps ins*2ad of 4.5 mps). This is due
to the fact that the objective analysis scheme provides a grid point wind

which is in fact a mean over a damain whose size =200 km?. Thus same

Bl

BB VS R e
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ot the episades of Tamge fluctuations of wind within the A B wceale arvay

do ot agree with the point values represantad by the ship data. This
discropancy will also be reflocted in the mamitide of the stvesses as
well as in the estimates ot the 'l of the wind sticesses. Martherm e,
simee the latter are propartional to the square of the wind spoad, they
will thus tetloct a tunther enhancament ot this discropaney. TE 1 haae
over mpurtant to roacognise that the proposad objoctive analysas, with an
N
int luence radius 100 A", will qave an aran average 1opr esentat ton
ot the notion Gield and the stresses on this scales Theve s we
cssent tal dittorence betwoen results basad on our amalysis and those als
tainad tam a ditect use of GV ship obsorvations, 11 we tocvanmise that
the famer rogpnesent s an araa avoerage whitle the lattor donotes valuaes.

at simgle locations,

4. Maan Motion Field haring GATE

4.1 Surtace and 850 Mb Fields

In tiqures (5a, D) we illustrate the moan sntace wind tield o
the 100 days and the thind phase of GARTE tespect ively ., e averaages here
are hasad on the tinal daily analysis at 000 as well as at 1000 The s
tace tlows show a woll definad Atrican monsoonal low over Woest
Africa which penctiates well inland.  The narthoast trades over the At
lantic oo have a mean spead of around 10 to 15 knots, The sout hoast
trades of the castorn Pacific Occanexhibit a distinet tarming townd the
aast as the tlows cross the cgquatar . The Tocation of the surface asyngtote
of convenenee s consitstent with the tocation of the P hasad on ctoad

awer (M. Maitakam , 1979) 0 The sovthoast trades of the At lantic Qoo

i
i
1
!
|
]
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haovean interesting source ragion at the southern boundary of the analysis,
rouhly between 598 and 149, This flow has essentially two hranches

1) the nonsoonal branch that eventually acquires a westerly cangponent ,
and il1) the casterly branch that flows towarnd  South America.

Fig. (6a, b) illustrates the time avaraged motion ficld at 850
mbs far the 100 days and phase 11T of GATE. At this level the trade
winis have an intensity between 15 and 20 knots over the Atlantic and
castern Pacific ocvang, The southaast trades show the strongest spoads over
northeastern Brazil. The sauthwestorly flows over West Atvica do et
penetrate north of 15N at this level.

vamparad to the 100 day average the thind pluse of GATE shows
stromer trade winds over the northaasterm Atlantic ocaan, as wll as over
the contral Atlantic Ocean in the Southarn Homd splwere.,

These ticlds over occans are lamgely detorminad by the clowd
motion voctars.  Of majar interest here is the difforence  betwoen the

surface level and the 850 mb tlows.

4.2 The Ficeld of the Moan Turning Agle

Fram thwe tinal amalysis at the surface level and at the lovel of
the low cloud winds woe have constiuctad a 100 day mean chart. of the 'moan
tuning andle' betwoen these two levels.  The turning anale (Fia. 7)
is extramely large along the West African, South Amorican and the Central
American coasts over the castarn ocoans.  In these rogions the surface
westerly winds change to casterlies at the cloud wind Jevel.  Cloud drifts
in low latitudes are almost always from cast (o west.

A word of caution in intapretation is necessary here. The cload-
wind level shauld ot e tacitly assund to be the Wop of the triction

layor. It is concciveable that shallow clowds may in fact e found within
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the {riction laywr. hHence, the turnimg angle describad may not be the
total turning of the wind in the lowest layer.

By and larmge the southeast trades of the Atlantic and castern
Pacific ocean show backing of wind with height while the northaast trades
cxhibits a veering. The angle of backing (or veering) in the trade wind
bolts is on the order of 8° to 16 between the surface and the cloud drift
level. In the transition zones such as the vicinity of thw TTCZ the
turning angle can be as large as 180° because of a aaplete reversal of

wind directian.

[ #

5. ‘Time Averages of the Wind Stress and the Curl of the Wind Stress

5.1 The Drag oefficient

During GATE, the buoy observations from the ship "METEOR' wore
usad te estimate momentum fluxes by the eddy carrelation method (Dittmer

et a1, 1978).  Fram a camparison of their results with those obtained

using the Bulk Acradynanic Methad, Businger and Sequin (1977) recamendad
that the drag coefficiont CD for undisturbad as well as disturbed con-
ditions lies in the rame 1.4 ¢ 0.4 x 107>, e feel that for lae scale
flows (i.c. on the GATE A-scale) this is certainly an appropriate choice.
However, noting the fact that  there were several harricanes during the

100 days within the GATE A-scale damain, we feel that a variation of draq
cocfficient with wind speed is appropriate far the mapping of the stress

charts. Anqular mamentum badget studies in tropical disturbances clearly

show that the drag coefficient does vary with the radial distance fram tw

center of the hurricane as well as with respect to the wind spead in a




hurricane (Miller, 1962, Ooyama, 1969). During GATE on the A-scale,

our tabulation on the 2° latitude/2° longitude mesh size does not resolve
the fine structure of the high speed region (the inner rain area) of a
hurricane.However we note occasional wind speeds as large as 45 knots
during such events. Thus, following Roll ( 1965 ) amd Miller {1962,
we estimate the stresses for wind speeds 10 mps by using the formula

Ey = C_pf (ém) (’,-.-I-éx/f)s.

Wind speeds > 10 mps are 7est_imatuedbyusing

T« w
and Ty T GCf vq/u}fv‘) (p= 0'7*0-OWIfor wind speads > 10 mps.

This is consistent with the value of 1.4 x 10-3, for a wind speed of 10 mps
suggested by Businger and Sequin (1977). It also gives reliable estimates
at high wind speeds. The choice of a constant drag coefficient for speeds
less than 10 mps 1S also suggested by the results fram 'BOMEX' obser-

vations.

5.2 The Curl of the Wind Stress (CVS)

Holopainen (1967) , Hantel (1970) and Duing (1968) have examined
the distribution of CWS over wide areas fram long-term time-dependent
motion fields. Hantel and Duing examined the Indian Ocean region in con-
siderable detail and noted large zonal gradients of the wind stress
curl in the southwesterly monsoonal current. Hantel's charts clearly
bring out a relationship between the wind stress curl and the observed
regions of cold upwelling in the western Arabian Sea. They also noted
that the surface winds in the Indian Ocean were quite large, and as a con-
sequence, stresses of the order of 1 <ilyne/cm2 and curl of wind stress of

the order of 2.5 x 1078 dynes/am> were noted in their calculations.

Hantel used a drag coefficient of 1.2 x 1073 which is closer to the value




we have used in the present study for the GATE A-scale region. 1
We examined the GATE phase maan and 100 day mean distribution of
the wind stress curl defined by the relation,

ng — ?Ty ?tu

By = 3y
The fields were camputed by straightforwand centeraed differences ovar a
distance of AYX ad Ay on the arder of 200 kms.

Aside fram the time averaged fields we shall also show the vari-
ability and time spectra of (WS in this section. The resolution of the
data (two maps per day) limits the soope of this stixdy. It should be
mnotad very clearly that the smallest resolvable wave in the prosent con-
text is 2400 kms in space and two days in gige, Furthamare,since only
ocoanic and near coastal data are used for the analysis of the wind stress
curl over the oceanic damain of the GATE A-scale, the noar coastal analyses
within a few hundred kms are mot too reliable. This limits the usefulness
of the presented data sets for studies of coastal oceanoyraphic ppublems

of local origin.

5.3 The Time Averaged Wind Stress and the Wind Stress Qurl

Figs. (8a, b) respectively illustrate the 100 day and the Phase
IIT mean meridional wind stress distrilbution over the GATE A-scale ocouans.
In Fig. (8a) the zero line in the middle of the Atlantic Ocean separates
a northerly meridional shear to its narth fram the southerly shear to its
south. The magnitude of the shear is largest near the North African coast
ani the Fastern part of the southern Atlantic Govan. The soutlwast trades

exort a stronger meridional stress than the northeast trades over the
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tropical Atlantic Ocean. The magnitude of the meridional stresses over
the trade wind belt varies fram 1.0 to 1.25 dynes/cm2 (Note: 1 dyne/cm2=
0.1 N/m?). The estimates far phase III are slightly larger than those
for the 100 day mean. Wer the Eastern Pacific Ocean near the Peruvian -
coast, the magnitide of the meridional stresses show two maxima, which
are especially strong (& 2 dynes/an’) during the third phase of GATE.
This region has an abundant distribution of cloud wirds. A zero line
separates the positive and negative stresses over the western part of the
Gulf of Mexico. The northern part of the western Gulf exhibits west
south-westerly flows while the southern part of the Gulf shows west north-
westerly flows. The correspording meridional stresses in the western
Gulf are on the order of 0.5 dynes/cmz.

The zonal stress for the 100 days ard the third phase is illus-

trated in Figs. (9a, b). It is stronger over the central Atlantic Ocean,
reaching magnitudes in excess of 1.5 dynes/cmz. The sumner hemisphere
trades exerts a stronger zonal stress while the winter hemisphere trades

have a stronger meridional stress over the Atlantic Ocean. Over most of

the tropics the stress is fram the easterly direction. except
for the monsoonal belt near the eastern Atlantic and Pacific oceans.Both
“the zonal stress ard the meridional stress show a relative maximum value
between 0° and 10°E and south of 15°S. This appears to be a source region
for surges in the velocity of southeast trades of the southern Atlantic
Ocean. 1y general, the magnitude of the zonal stress is roughly 15%
greater during the third phase campared to the 100 day mean.
The field of the total stress is illustrated in Fig. (10a, b) for
the 100 days and the third phase respectively. The total stress is larger in the
nor theast trades in camparison to the southeast trades. The maximum value




excoads 2 dyncs/anz. The mzan value of the total stress for the 100
days over the GATE A/B scale is around 0.3 dynes/an“. This is slightly
smaller than the magnitudes of 0.4 dynes/cn2 reparted by Jacobs (1978).

The reasons for this discrepancy arediscussed elsewhere in this paper.

The regions along the Peruvian coast, along the westorm Gulf of Maxico, around
10N and 100 and around 20°S and 5% are other regions with large
stresses. It is of interest to conpare the magnitudes of the stresses
estimated here with earlier estimates given by lHellerman (1967).

Helleman's (1967) well known seasonal mean tabulations of wind
stresses ( Z, and ’(, ) were based on U.S. Navy Hydrographic Offices'’
Marine Climatic Atlas of the World. This atlas was based on roughly 8
yaars of marine surface data. Fig. (1la and b) show Hellerman's mean
fields of the wind stresses ?X and Z._Y far the sumer nonths (June, July

and August). Although there 1s a general agreement betwoeon our analysis,

Fig. (10a, b) during GATE (Maan Stresses far the poriad June 16 through
September 23rd), there are same majar differemces as wells

a) Zonmal stresses: In the northarn trade wind belt our amalysis

shows a belt of easterly zonal stress around roughly 20°N.  The carres-
ponding latitude of strongest zomal easterly stress in Hellerman's study
is located closer to the equator (17.5°N to 7.5°N). The trade belt of
strongest winds during GATE seans to Ix located samewhat tfarther north.
The strongest magnitide of the stress in Hellemman's talulations are
around 1 to 1.4 dynes/an2 while those shown in the present stuly are
arourd 1.6 dynos/cnz. The majar difference is due to differences in the
intensity of the trades. Far steady trade wind speadson the onier of

3

10 nps, we have usad a drag ooefficient of 1.4 x 107~ basad on recent GATE
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smmaries presantad by Risinoor and Segquin (1977) . Hal lerman usiad o
value of 2.0 X l()—" far those same wand speads. 1t should alse e notoec
that woe have usad dally values of the wind in estimating cur mean
stresses, while those of Helleaman's stuady are based on lomg tezm moan
motaon field and wind roses that contain sam infamation on the trapxssy
distrilution of daily stresses.

b) Moeridional stresses:  1n e region of the marthaast trades,
the moridional stress is lamgest arowd 17,59 to 7.59N in the tatala-
tions ot Helloarman ,wiile our study shows that the stromaest trades ane,
in fact, found farther narth and closer to 200N, This is rimart 1y due
to the differomnces in the moan motion fields of cur study worsus taoese
tound in the U8, ivihhoaraphic Marine Climatic hata famay . the soathern
trades exhubit winds araatar than 10 nps ovar a wide roaion of saoutheastom
Atlantic Qoan. The use of a4 drag cetticient of 2o X _10—‘; in hHelleman's
tabulations aqain laads to rathaer lange magnitades of the meridional
stresses.  In thus ragion the magnitude of langest meridional stress in
Hollomman's study is an the ander of 0.5 dynes au“' Mhdle in oar stady it
is samewhat langer inspite of our use of mach anallar draa cefticiont s
due to strongur winds and transionts,  Detadls of stressos within the Qatt
Of MexX100 and in the eastarmn Pacific ccoan are ot desaritad tw the clima-
tulagical data set of el loman,

Finally, we shall examine the mean fields of wind stress (arl fae
the 100 days and the thind phase of GATE, Fig. (12a, Y. e trade wind
Lelts contain an cast-west ariontad zerv line sgparating toaions of noaa-

tive and positive wind stress curl.  In the nwthern trades this separation




line is located around 20°N, ard for the southern trades this line is located

along 10%. 1In general, a positive and an adjacent negative center is
found over most regions of strong wind stress curl. The positive center
is to the left of the strong wind stress vector while the negative center

is to its right. Such couplets are clearly evident in the western Gulf ©f

Mexico, the Caribbean Sea, the Eastern Pacific Ocean, the northeast trades (20°N)

and the southeast trades over the eastern Atlantic Ocean. The Guinea coast
is a region of same interest here. The only region with a positive wind
stress curl along this coast is located near 3°E where a meandering of the
zero line may be noted. Over most of the remaining regions along this
coast, the wind stress curl does rot show positive values north of the
equator. This situation is quite different fram that along the
Peruvian coast. The winds along the Peruvian coast contain a stronger
southerly coastal flow,while in the southern Atlantic ocean stronger south
westerlies are fourd ard the flows parallel to the African coast are not

as large.

6. Spectral Analysis of GATE Surface Fields

In this section we shall present aspectralanalysis of same of the
surface parameters of the present stidy. The first step in this analysis is
the removal of root mean square linear trend since there may be present
same seasonal changes on the scale of the 100 day period. We mote fram
plots of data that the seasonal tremd is indeed quasilinear and hence the
linear regression is fourd quite adequate for the surface parameters
during the summer season. Our numerical method is the direct fast Fourier
transform method of spectral analysis. In the execution of the spectral

—
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analysis we follow the earlier warks of wallace (1971), Yanai et al (1968),

angvil (1979 and Krishnamurti and Bhalme (1976b).

The coetficient of an { X} series 18 aiven bwy:
wN-1 Jank
S x ¢ S k= 0,101,200 Nl GO

X
K “ D

whnre D tepresents the data points and N the number of coefficients.  The

u

power spectral estamates of the series are given by,
286/ [ X" ) .
Groe = /v | Xl s k=eih2y e N2

where A€ is the time interval. Swothed estimates may be abtainad by

averaqny [ contiquous raw estimates to yield,

L
.y
G’“‘ = L Z, Gx(k#-j) RN
J:

Our present interest will be first to examine the power spectral density over
samw of the Kkey regions of interest in the GATE A-scale. Far purposes of
dJdepiction we shall illustrate the praduct of the power (por cent variamvw)
times the frequency (along ardimate) versus the log of the fraquency (alom
abscissa). The advantages of this representation have been emmeratad by

Zangvil (19/5).

6.1 Northeast trades (Atlantic Ocean)

The variability is here described far a rectanqular regian, 200C km
X 1000 km, centerad at 40“% and 20°N. The zonal wind (see Fig. 13a) in this
reqion is around 5 ops with peak values close to 11 mps. During the 100

days the easterly conal velocity of the nartheast trades shows several poak
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velocity periads roughly 15 days apart with ovidence of sane
variability on slorter time scales.  The spectral analysis of the zonal
wind is illustrated in Fig. 13b. This shows a dominant oscillationol arownd
15 days. There 1s also considerable power in shorter time scales of less than
10 days. A peak Of around 30 days is not very reliable due to the fact that
the length of the data records is only 100 days.

The spectra of the meridional velocity (Fig. lda) in this region
of the northeast trades show a daminant mode of arocund 5 days with
shorter time scales of 2 to 5 days. The meridional velocity also
exhibits a pronounced oscillation in the 10 to 15 day time scales. Finally,
we present the spectra of the total wind stress for the Nartheast trades
in Fig. 14b. This exhihits a most pronounxed peak around 11 and 17 days

as well as same variahility between 2 to 6 days.

6.2 Southeast Trades (Atlantic Ocean, Centeread at BEquator and 30%)

The carresponding illustrations are the variability of the zonal
wind during the 100 days,and its spectra are respectively shown in Figs.
15a, b. The zonal wind shows considerable variability around 3 days and
10 to 15 days. This variability of surface zonal wind in the Southern as
well as the Northern Hemisphere is consistent with the findings of Krish-
nanurti et al (1975) fram the cloud winds during GATE. In this study an
oscillatior in the intensity of the trades with a periad of around 14 days
was described. FRurthemmare, a rear simultaneous oocurrenxce of surges in
the trades of tle two hamispheres was noted in the GATE 'Cloud Wind' data
sets. A careful superpositioning of Fig. 13a on top of Fig. 15 shows that

an interesting relationship exists between the trades of the two hemispheres

PrEPOTRrEy rop




at the surface level as well. Duramg teye first half of GATE the

maxima in the Northaast trades seam to follow the muxima of the trade
winis of the Southemrn Hemisphere with a lag of roughly 3 days. After the
first part of August, 1974 with the advent of the active phase of African

disturbances, the maxima of the Northern trades appear to precede the

aarrespording maxima of the Southern trades. A careful examination of the
disturbances during GATE suggests that the sunges in the trades may have

a relationship  to westward propagating pressure pulsations. If the low
pressure area is well Narth of the equatar, then the surge is often first
noted in the Northeast trades. On the other hand, if the pressure pertur-
baticon is just Narth of the equator then the surge is first noted in the
Southoast trades. These results on the relationship between the surges

of the trades of the two hemispheres dre especially noteworthy since the

two regions centerad at 00, 30°W and ZOOW, 40w have no camon data sets
and are well separated fram each other. Figs. 16a, b illustrate the
spoctra of the meridional wind and of the total stress hased on the 100 days
of surface wini data for the Soutlwast trades. Paaks in the 4 to 6 day ramge
and around 11 day pPeriad are prominant features in their spectra.

In sunmary, the trade winds of the sumer and the winter hemispleres
show oscillation in the 3 to 6 day as well as in the 10 to 15 day periods.
The 3 to 6 day periad is most likely relatad to westwand propagating African
waves. The 10 to 15 day period appears to be related to a westward propa-
gating wave. An illustration of this type of wave is shown on an x-t diagram
in Fig. 17. Here we hawe taken the meridional surface wind, V, for the 100
days of GATE at 209N and subjected it to a band pass filter which has a

maximum response Of arcund 15 days and a noar cepo TOSPONSe below 10 days as

- it TP il
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well as above 20 days. The region for V{0 is shaded in this illustration.
We find a well-defined westward propagating wave for most of the 100 day
period. The wavelength of this wave & 40° long, and its speed & 3°
lorng/day. This wave in the 10~15 day period was also noted fram the data
sets of the meridional wind at 850 mb. We find very little vertical tilt

of this wave in the lower troposphere.

7. Concluding Remarks

The future detexmination of the wind stress over the global J
oceans will depend more and more on observations obtained via remwte
sensing fram satellites. One of the proposed satellites, called SEASAT,
makes use of a scatterameter to detemmine the surface stresses. This
satellite was launched during 1978 and produced data of high quality for
only a 90 day period priar to its failure. The geostationary satellites pro-
vide cloud wind data which are presently being used to define the motion

ficld at around the 1 km height above sea level. The present paper is

an effort to include this important data set for the analysis and deter-
mination of surface winds as well as the stresses. The proposad technique
allows for a turning of wind with height by incorporating this information
via a successive ccrrection in the wind analysis. The proposed method is
calibrated against the GATE research ship surface observations. The po-
tential of the proposed method lies in its further use during FGGE (The
First GARP Global Experiment) when 5 geostationar satellites along with
50 research ships and 1000 merchant ships are expected to provide a
camposite observing system. This data set should provide the possibility

for detemmination of detailed surface motion field as well as the wind
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stresses and their variability over global oceans.

The present study, although samewhat limited in scope, i.e. limited
damain ard short period of 100 days, has nevertheless enabled us to define
these fields with same degree of accuracy that was not possible previously.
The important results of the presertstudy include i) a technique for in-
corporating the low cloud motion vectors in the surface wind analysis, ii)
mean motion field as well as the mean stresses over the tropical Atlantic

ocean during the northern summer, iil) the variability of the motion field

ard the stresses on two daminant time scales: 3 to 6 days and 10 to 15 days,

both of whichare identified as westward propagating modes. The former is
here identified with the passage of African waves; while the latter, whose
scale is On the order of 40° longitude with a speed of propagation of

about 2.7° longitude/day is not presently understood. Its importance how-

ever in oceanographic problems has appeared in many recent studies.
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Table 1. LIST OF USEFUL SYMBOLS

SYMBOL, MEANING OF SYMBOL

-DS«'j Surtace wind divection at a point {,j.
. D‘_.‘-j )DC Direction ot cloud wind at a point {,j.
‘ SU Turning angle at a point {,].
l (overbar) Mean value within a subdomain,
' Ss;__j Surtace wind speed at a point i,7.
; Scij ) Sec Speaed of cloud wind at a piont {,4.
Gy Wes L
‘: uj Geostrophic wind.
"; fa Hedight ol Ancmomet ev level.
l 2o Roughness length,

=
x®

Friction velocity.,

L Monin-oObukhov length.
’ k Von Kamman constant
3 -f Coriolfs pavametor.
ﬂ Hedpht of planctary boundary laver.
a:o Mean turning of wind with height in the planctary

boundary laver.

Angle between surtace pressure pradieat and the
cast .

Drag coetficient.
?l) ’CY Component s of wind stress.

CNS Curl ot the wind stress.
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Fig. 2.

Fig. 3.
: Fig. da.
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Fig. 4b.
(middle)

Fig. 4c.
Fig. 5a.
(top)

Fig. Sb.
(bot tam)

Fig. 6a.
(top)

Fig. 6b.
(bottam)

Fig. 7.

Fig. 8a.
{top)

Fiq. 8b.
(bottam)

Fig. 9a.
(top)

Fig. 9b.
{bottam)

The distribution of GATE ships (phase TIT) over the Atlantic
Ocean is shown hare.  Circle with caross indicates B-scale
radar ships, squarc with circle within indicates A/B scale
ships, dark squarc within a square are the A-scale ships,
circle denmotes B-scale ship positions.

The distribution of merchant ships on a typical day.

A sanmple distribution of low cloud motion vectars over the
Atlantic ocean. (Courtesy ot Fujita).

Moan streamlines and isotachs (nps) for Phase 111 (122) basad
on the proposad amilysis schemo.

Mean stremlines for phase 1I1 (127) fram Doan and Swith.
Final surface analysis at the surface far a typical day. wind
barbs (knots). Data fram a mix of platfoms is shown here,

Moan surface streamlines and isotachs (mps) tar the 100 days of
GATL.

Mean surface stroomlines and isotachs (ps) for the HHind phase
of GATE.

Mean 850 mb streamlines and isotachs (ps) far the 100 days of
GATE.

Mean 850 mb streamlines and isotachs (mps) for the 11Ind phase
of GATE.

Mean turning angle (in degrees) of wind between the surface

and the low cloud wind level. (Note: low cloud wind level is not
necessarily the top of the friction layer). hositive values:
Backing; negatiwve values: Veering.

¥
100 day moan surface field of the moridional stress (dynes/an®) .
Phase 11T moan field surface of the meridianal stress (dynes/am®) .
"1
100 day mean {ield of the surface zonal stress. (dynes/om*) .

Phase 111 mean field of the surface ronal stress (dynes/am™) .




Fig. 10a.
(top)

Fig. 10b.
(bot tam)

Fig. lla.
(top) and
Fig. 1llb.
{bot tam)

Fig. 1l2a.
(top)

Fiqg. 12b.
(bottom)

Fig. 13a.
(top)

Fig. 13b.
{bot txam)

Fig. 1l4a.
(top)

Fig. 1l4b.
(bottam)

Fig. 15a.

Fig. 15b.

Fig. l6a.

Fig. 16b.

Fig. 17.

100 day nean field of the surface total stress (dyncs/an?’) .

Phase 1I1 mean fiecld of the surface total stress (dynes/anz) .

Zonal and meridional canponents of the wind stress (dynes/anz)
based on Helleman's stixdy.

100 day mean field of the surface wind stress curl.
Units: x10-10 dynes/amn”.

Phase II1 nean field of the swrface wind stress curl.

Units: xj0-10 dynos/cn\3.

variahility of the surface zonal wind (mps) of the north-
east trades during the 100 days of GATE.

Spuectral analvsis of the surtace zonmal wind for N.E. trades. Plots
show the praduct ot powar times the frequency plotted against the
log of frequency.

Spectral amalysis ot the surface meridional wind for the N.I.
trades. Plots show the product of power times the froequency
plotted against the log of the frequency.

Spectral analysis of the total stress.

Variahility of the zonal wind (mps) during the 100 days of GATE
for the southeast trades.

Spectral analysis of the zonal wind for the southeast trades.

Spectral analysis of the meridional wind for the southoast
trades.

Spectral analysis of the total wind stress far the southeast
trades.

An x~t diagram at 20°N for the 10 to 20 day mde of the
meridional wind. The shadad area demotes v <0, while the un-
shaded area represents southerly motion.
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Fig. 1. The distribution of GATY ships (phase III) over the Atlantic
Ocean is shown here. Circle with cross indicates B-scale
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circle denotes B~scale ship positions.
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A sample distribution of low cload motion vectors over the
Atlantic ocean. (Courtesy Of Fujita).

Fig. 3.
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Fig. 4a. Mean streamlines and isotachs (mps) far Phase 11T (127) hasad
on the proposed amilysis schame,
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